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Abstract— This paper discusses the dynamic behavior of the 
brushless doubly fed induction generator during the grid faults 
which lead to a decrease in the generator's terminal voltage. The 
variation of the fluxes, back EMFs and currents are analyzed 
during and after the voltage dip. Furthermore, two alternative 
approaches are proposed to improve the generator ride-through 
capability; using crowbar and series dynamic resistor circuits. 
Appropriate values for their resistances are calculated 
analytically. Finally, the coupled circuit model and the 
generator’s speed and reactive power controllers are simulated to 
validate the theoretical results and the effectiveness of the 
proposed solutions. Moreover, experiments are performed to 
validate the coupled circuit model used. 
 
Index Terms—Brushless Doubly Fed Induction Generator, 
feasibility region, ride-through, voltage dip  
 
NOMENCLATURE 
 
IV ,  Amplitudes of the voltage and current 
iv,  Instantaneous values of the voltage and current 
ψ  Flux 
p  Number of poles 
rN  Number of rotor loops (nests) 
ω  Angular speed 
nω  Natural speed 
f  Frequency 
R  Winding resistance 
L  Winding self inductance 
rL1  Coupling inductance between power winding and 
rotor 
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rL2  Coupling inductance between control winding 
and rotor 
Q  Reactive power 
T  Torque 
J  Moment of inertia  
B  Friction coefficient 
{ }max  Maximum value 
Subscripts  
r,2,1  Power winding, control winding and rotor 
me,  Electrical and mechanical 
cr  Crowbar 
c  DC link 
qd ,  Direct and quadrate axis of the synchronously 
rotating reference frame  
rated  Rated value 
sat  Saturated value 
f,0  Pre-fault and fault-on values 
I. INTRODUCTION 
 IND power has become an important source of 
renewable energy in a number of countries around the 
world, including Denmark, Germany and Spain. Therefore, 
connection of wind farms to the grid and their dynamic 
behavior under different grid conditions has become an 
important issue in recent years and new grid codes have been 
introduced  [1],  [2]. One of the most important issues relating 
to grid codes is the ride-through capability of wind farms 
during voltage dips due to grid faults. Based on these code 
requirements, wind turbine generators must remain connected 
to the grid and actively contribute to the system stability 
during various grid fault scenarios that result in a decrease in 
the generator terminal voltage. Moreover, wind turbine 
generators should have the ability during the faults to supply 
reactive power, in order to increase voltage level. In addition, 
they should supply active and reactive power immediately 
after fault clearance to support the network frequency and 
voltage, respectively. 
   The majority of recently installed large wind turbines 
incorporate the doubly fed induction generator (DFIG) with a 
partially-rated converter. This configuration has the 
advantages of flexible control of the rotor speed and power 
factor with a fractionally-sized converter with consequent 
Analysis and Enhancement of Low Voltage  
Ride-through Capability of Brushless Doubly 
Fed Induction Generator 
 Sajjad Tohidi, Hashem Oraee, Senior Member, IEEE, Mohammad Reza Zolghadri, Member, IEEE, 
Shiyi Shao, Member, IEEE, and Peter Tavner, Senior Member, IEEE  
W
Copyright (c) 2011 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.
 2
reduced cost and relatively low investment. This, however, has 
the disadvantage of reduced reliability, requiring more 
maintenance due to the use of brushes and slip-rings  [3]. 
However, there are some alternatives to achieve brushless and 
variable speed operation. For instance, a constant-frequency 
machine with a varying/variable speed has been proposed for 
wind power plants [4]. Another alternative is the brushless 
doubly fed machine (BDFM). The BDFM, or brushless doubly 
fed induction generator (BDFIG), maintains all the benefits of 
the DFIG but without brushes and slip-rings and hence 
achieving higher reliability and lower operational cost. 
    Although the converter rating and operation of the BDFM is 
similar to the DFIG, there are some structural differences 
between them. The BDFM uses a cage rotor with a special 
structure, while wound rotor is used in the DFIG. In addition, 
the BDFM has two windings in the stator. It has been shown 
that the output of a BDFM is less than a conventional 
induction machine with the same volume of active material 
under similar operating conditions [5]. It means that the 
BDFM would be larger in size than a DFIG with the same 
rating. But, omitting the brush-gear and slip rings and also the 
possibility of a stage reduction in the gear-box of wind 
turbines with BDFM – due to its lower typical rotor speed – 
can decrease its overall volume and costs. However, there is a 
need to manufacture a wind turbine with a large-size BDFM 
and compare its electrical, mechanical and economic 
parameters with the existing DFIG-based wind turbines. 
Because of the aforementioned advantages of BDFM, it has 
great potential for wind power generation, particularly 
offshore application where maintenance time is at a premium, 
and for limited speed range variable pump drives  [6]. 
    However, in order to realize its commercial promises, 
dynamic behavior and ride-through capability of BDFM has to 
be assessed. Several papers have been published relating to 
BDFM modeling and control. The equivalent circuit is 
suggested and experimentally validated in  [7]. Using this 
model, performance analysis is carried out and some relations 
for the active and reactive powers of BDFM are proposed in 
 [5]. A rotor flux-oriented control algorithm is evaluated for the 
BDFM in  [8]. In  [9], a unified reference frame dq model for 
BDFM is proposed and verified experimentally. Using this 
model, a vector control scheme is developed, including 
experimental implementation in  [10]. A  BDFM-based drive 
using a fractionally rated unidirectional converter is proposed 
and implemented in [11]. Also, the stator flux-oriented control 
design is developed and implemented for a BDFM in  [12]. 
Another vector model with experimental validation is 
suggested in  [13]. But, the most detailed and precise model 
using coupled circuits, is developed and described in  [14].  
     Generally, two groups of alternatives have been introduced 
to improve ride-through and transient capability of DFIG wind 
turbines. The first group includes appropriate linear or 
nonlinear controllers  [15]- [17]. The second group employs 
various devices and circuits to achieve this goal, a number of 
which use FACTS devices  [19], supercapacitor energy storage 
 [20], a series grid-side converter  [21], crowbar and static 
transfer switches  [22], energy capacitor systems  [23], series 
dynamic resistors (SDR)  [24] or dynamic voltage restorers 
 [25],  [26]. In addition, in some papers, such as [27], DFIG 
modeling for ride-through analysis is studied.   
    But, BDFM ride-through capability has not yet been studied 
in the literature. For instance, in  [28] a brief discussion on 
ride-through capability is given without any suggestion to 
improve it.  This paper intends to fill this gap and analyzes the 
dynamic behavior of the BDFIG during and after a three phase 
voltage dip on its terminals and proposes two effective 
improvements.  
    In Section II a brief description on structure of BDFM, 
fundamentals of operation and its dynamic model is presented. 
In Section III, the variations of fluxes, EMFs and currents are 
analyzed during voltage dips using the dq model. In Section 
IV, based upon this analysis, two solutions to enhance ride-
through capability of the machine are proposed. Finally, in 
Section V, the validity of a coupled-circuit model of BDFIG, 
used for simulation, is checked via comparison with 
experimental results and the predicted variation of fluxes, 
EMFs and currents are verified by simulation. Hitherto this 
paper has talked of the BDFM, however in the following the 
generating mode of the machine is studied, and hence the 
abbreviation BDFIG will be used. 
II. BDFIG MODELING 
    The BDFIG has two, three-phase windings in its stator, 
namely the power winding (PW) and control winding (CW), 
as shown in Fig. 1. To avoid direct coupling between the two 
windings, the pole pair numbers must differ by an integer  [14]. 
 
  
Fig. 1.  The BDFIG Structure 
     
    Furthermore, in order to reduce asymmetrical 
electromagnetic forces on the rotor, that pole pair difference 
should be greater than one  [14], that is: 
121 〉− pp  (1) 
    The PW is connected directly to the grid and therefore 
operates at grid frequency producing an MMF in the air gap 
rotating at this frequency. Most of the power will be 
transferred between the BDFIG and grid via this winding. The 
CW is connected to grid via a bi-directional partially-rated 
frequency converter controlling the rotor speed and reactive 
power supplied or absorbed by the machine  [10],  [12]. The 
frequency converter consists of two back-to-back voltage 
source inverters. The inverter connected to the CW, or the 
machine-side inverter (MSI), controls the CW current and due 
to cross-coupling between the CW and PW, affects the PW 
current. The grid side inverter (GSI) controls the DC link 
voltage. Its free capacity can also be used to support the 
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BDFIG terminal voltage by supplying or absorbing reactive 
power. 
     The rotor windings are closed upon themselves and hence, 
no brush or slip-ring is required. The number of loops or 
poles, Nr, in the rotor winding is chosen to produce cross-
coupling between PW and CW  [29], that is:  
q
ppNr 21
±
=  (2) 
    In order to increase rN and consequently decrease rotor 
leakage inductance, q  is selected equal to 1 and the positive 
sign is preferred  [29]. Hence, 
21 ppNr +=  (3) 
    Furthermore, the number of loops in each pole is increased 
by distributing each loop in several slots to decrease the rotor 
leakage flux. The most common structure for the rotor 
winding to date is called the "nested loop" arrangement, as 
shown in Fig. 2. As can be seen, the nested loop rotor consists 
of several nests, each representing one rotor circuit containing 
several loops. Due to the special design of the rotor, various 
modes of machine operation are obtained. 
 
 
Fig. 2. Nested loop rotor of the D180 BDFIG 
 
     The most interesting mode for BDFIG operation is the 
synchronous mode in which the frequency of the induced 
voltage in the PW due to the cross-coupling with CW is equal 
to the frequency of the PW voltage source and vice versa. This 
necessitates the production of two fields by PW and CW 
rotating at the same electrical speed with respect to the rotor. 
Furthermore, due to the chosen number of rotor nests, the 
direction of rotation of the PW MMF with respect to the rotor 
should be opposite to the CW MMF to obtain cross-coupling, 
as shown in Fig. 3. 
rp ωω 11 −
rp ωω 22 −
 
Fig. 3. Electrical speeds of two stator fields with respect to the rotor 
 
In this situation [29],  
)( 2211 rr pp ωωωω −−=−  (4) 
thus, the synchronous speed is determined as: 
21
21
ppr +
+
=
ωω
ω  (5) 
If the CW current is DC, the natural speed will be achieved [7] 
as: 
21
1
ppn +
=
ω
ω  (6) 
    In this paper, the stator windings' MMFs are assumed to 
have sinusoidal distribution and core saturation effects are 
neglected. Considering only the 1p and 2p pole pair MMFs 
and neglecting other spatial harmonics in the air gap and also, 
using an equivalent impedance for the nested loop rotor, a 
dq model of the BDFIG in the 1p pole pair synchronously 
rotating reference frame is obtained as  [9]: 
 
rriLiL 1111 +=ψ  (7) 
rriLiL 2222 +=ψ  (8) 
2211 iLiLiL rrrrr ++=ψ  (9) 
11
1
111 ψω
ψ j
dt
diRv ++=  (10) 
21
2
222 )( ψωω
ψ
rrNjdt
diRv −++=  (11) 
0)( 11 =−++= rrrrrr pjdt
diRv ψωωψ  (12) 






−





−=
∗∗
222111 Im2
3Im
2
3 ipipTe ψψ  (13) 
However, the mechanical equation is: 
r
r
em Bdt
dJTT ωω +=−  (14) 
    The axis of the PW flux is selected as the d -axis reference 
under steady state conditions. This results in relatively 
independent controllability of rotor speed and PW reactive 
power by q  and d  axes of CW voltage, respectively  [10], 
 [12]. It is noteworthy that the reference value for the wind 
turbine rotor speed is determined to maximize the power 
captured from wind. The controllers of the rotor speed and PW 
reactive power are illustrated in Fig. 4. In these controllers, 
q components have higher priority. In other words: 
ratedsatqratedsatq VVII −− == 2_22_2 ,  
2
2
2
2_2
2
2
2
2_2 , qratedsatdqratedsatd VVVIII −=−= −−  
(15) 
 
+
−
rω
refr−ω PI qv2+
−
PI
qi2
refqi −2
 
(a) 
+
−
PI dv2+
−
PI
di2
refdi −2
refQ −1
1Q
 
(b) 
Fig. 4. The controllers for: (a) Rotor speed, (b) PW reactive power 
III. RIDE-THROUGH ANALYSIS OF BDFIG 
    A three phase voltage dip at the BDFIG terminals may 
occur due to some events in the power system, such as short 
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circuit or connection of large loads. Neglecting 1R  in (10) 
leads to an approximate relation for the PW flux during the 
transients resulting from a voltage dip, as stated in (16). 
ttjff
f ee
VVV σω
ωω
ψ −−−−−
−
+≈ 1
1
101
1
1
1  (16) 
where σ  is damping of the PW flux and depends on the PW 
resistance. If this equation is rewritten in the PW stationary 
reference frame, (17) will be obtained. Details of the 
transformation between different reference frames are given in 
 [9]. 
tftjf
f e
VV
e
V σω
ωω
ψ −−−−
−
+≈
1
101
1
1
1
1
 (17) 
    As can be observed, this flux is divided into two 
components. The first part is rotating synchronously and its 
amplitude is directly dictated by the remaining terminal 
voltage. The second component is DC and frozen with respect 
to the PW. Its amplitude is proportional to the voltage dip 
level and is exponentially damped during the fault. These flux 
components induce back EMFs in the rotor. 
    It is noteworthy that the speed of the first component with 
respect to the rotor is equal to rp ωω 11 − and hence, the 
2p order harmonics of MMF produced by the rotor rotate with 
respect to the rotor at 11 ωω −rp . Consequently, the rotational 
speed of this harmonic MMF with respect to the CW will be 
equal to 1ωω −rrN , leading to an induced EMF in the CW 
with a frequency of 1ffN rr − . However, due to the decrease 
of amplitude of PW linkage flux first component during 
voltage dips, the EMF induced in CW with the frequency of 
1ffN rr − will have a lower value with respect to the pre-fault 
condition. 
   The second component rotates with respect to the rotor at the 
electrical speed of rp ω1− . The harmonic MMF with 2p  pole 
pairs, produced by the rotor, will rotate at rp ω1 with respect to 
the rotor. Hence, this harmonic MMF will rotate 
at rr pp ωω 21 + , or rrN ω , with respect to the CW and 
consequently will lead to an induced EMF with frequency 
rr fN . 
   Combining (7)–(12) and (16) and neglecting rotor resistance, 
the CW voltage can be written as: 
2
2
2221222 )( Edt
diLiLNjiRv rr ′+′+′−+′= ωω  (18) 
1
2
2
11
21
22 RLLL
LLRR
rr
rr








−
+=′  (19) 
2
11
2
21
22
rr
r
LLL
LLLL
−
−=′  (20) 




−







+
−
+












−+
−−
=′
−−
−−
−
tjt
frr
rr
r
frr
rr
r
rr
rr
eeVVjN
LLL
LR
VNj
LLL
LR
LLL
LLE
1)(
)(1
1012
11
1
112
11
1
2
11
21
1
2
ωσω
ωω
ω
 (21) 
where 2R′ , 2L′  and 2E′  are the CW transient resistance, CW 
transient inductance and back EMF induced in CW during 
voltage dips, respectively.  
    By transforming (18) and (21) to the CW stationary 
reference frame, (22) and (23) are obtained, respectively. 
Then, the transient equivalent circuit seen from the CW can be 
drawn as Fig. 5. 
2
2
2222 Edt
diLiRv ′+′+′=  (22) 




−







−
−




+







−−
−
−
=′+′=′
−
−−
−
−
−−
tjNt
frr
rr
r
tNj
frr
rr
r
rr
rr
rr
rr
eeVVjN
LLL
LR
eVNj
LLL
LR
LLL
LLEEE
ωσ
ωω
ω
ωω
ω
)(
)(
1
1012
11
1
)(
112
11
1
2
11
21
1
22122
1
 (23) 
2R′2L′
2E′ 2v
2i
 
Fig. 5. Transient Equivalent Circuit of the CW 
 
    From (23), it can be observed that 2E′  consists of two 
components with different frequencies, i.e. 
21ffN rr − and rr fN . As mentioned before, the amplitude of 
the first component depends on the voltage level at the 
generator terminals. But, the amplitude of the second 
component depends on the voltage dip and is damped with a 
factor related to 1R . However, assuming that the CW reaches 
its steady state condition during the fault, 2E′  can similarly be 
calculated for post fault condition, as (24). 




−







−
−




+







−−
−
−
=′+′=′
−
−−
−
−
−−
tjNt
frr
rr
r
tNj
rr
rr
r
rr
rr
rr
rr
eeVVjN
LLL
LR
eVNj
LLL
LR
LLL
LLEEE
ωσ
ωω
ω
ωω
ω
)(
)(
1
0112
11
1
)(
0112
11
1
2
11
21
1
22122
1
 (24) 
    Due to the unbalance between the induced transient EMFs 
in the CW and the MSI injected voltage, transient currents will 
appear in the CW. Furthermore, a DC component will exist 
with a time constant equal to
2
2
R
L
′
′
, which is related to the 
natural frequency of the circuit in Fig. 5. These currents may 
be large enough to damage the MSI or the DC link capacitor. 
To overcome this problem, two solutions are proposed in the 
following section. 
IV. IMPROVEMENT OF BDFIG RIDE-THROUGH CAPABILITY  
    As mentioned in the previous section, large currents due to 
voltage dips may damage the converter. Hence, the generator 
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needs to be disconnected from the grid to protect the 
converter, despite the grid codes. In this section, two solutions 
are proposed to protect the converter without disconnecting 
the generator from the grid and thereby increasing the BDFIG 
low voltage ride-through capability.  
A. Use of the crowbar 
   The first approach is to use crowbar resistors, connected 
across the CW terminals of the BDFIG and turn off the MSI 
(Fig. 6) in a similar way to what is normal practice on the 
DFIG. This will introduce a relatively high impedance circuit 
to the transient EMFs induced in the CW. The crowbar 
resistance should be high enough to provide sufficient 
damping for CW currents. On the other hand, a high resistance 
can generate high enough voltages to damage MSI switches. 
Hence, its maximum resistance should also be determined. 
 
Fig. 6. BDFIG with crowbar 
    From (22)-(24), the CW current during and after a three 
phase voltage dip has a general form which is a summation of 
three terms as follows: 
tjNttNjtL
R
rrrr eekekeki ωσωω −−′
′
−
++= 3
)(
212
12
2
 
(25) 
    Due to the rapid damping of the first term, it can be 
neglected. The highest possible voltage occurs when the latter 
two terms have simultaneous peaks. From (23) and (24) it is 
evident that 2E′  will be greater after voltage recovery. Hence, 
the highest possible value after voltage recovery will be, 
{ } { }
{ } { }
{ }
{ } )()()(1max
)()(1max
)()(
max
)()(
max
maxmax
101
22
2
11
1
2
11
21
1
22
01
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2
11
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2
11
21
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2
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=+=
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ω
ωω
ω
ωωω
ωσωω
 
(26) 
    It should be noted that maximum instantaneous voltage 
tolerable by IGBT switches in the converter is usually 
considered to be 1.2 times the DC link voltage. Hence, the 
maximum crowbar resistance voltage drop obtained will be: 
{ }
{ }
ratedC
rrcr
rrcr
cr
V
NLRR
E
NLRR
ER
−
−
−
<




′++′
′




+
−
′++′
′
7.0
)()(
max
)()(
max
22
2
2
2
22
2
1
2
2
2
2
12
ω
ωω
 (27) 
    From (27), the maximum crowbar resistance can be 
obtained in accordance with 100 % voltage dip, or minimum 
grid code, and the highest rotor speed.  
    It should be noted that the crowbar operation transforms 
BDFIG to a cascade machine and therefore the machine 
behavior becomes similar to an induction machine with rN  
pole pairs  [14]. Consequently, it absorbs reactive power in 
contrast to the grid code requirements  [1] and further voltage 
reduction at generator terminals may occur. 
B. Use of the series dynamic resistor 
    Another alternative is to increase the CW resistance during 
voltage dip by dynamic resistors connected in series with the 
CW, as illustrated in Fig. 7. The SDR is bypassed via high 
current, low voltage IGBTs under steady state conditions, and 
becomes active during voltage dips. In this manner, the SDR 
increases the CW resistance and consequently 2R′ . Hence, the 
CW current peak decreases. Meanwhile, MSI is on and can 
affect the CW current to have a better control. 
 
 
Fig. 7. BDFIG with SDR 
     
    The minimum SDR is determined to limit the CW 
maximum current to less than the maximum instantaneous 
current tolerable by the converter ( max2−i ), as (28). 
{ }
{ }
max222
2
2
2
22
2
1
2
2
2
2
12
)()(
max
)()(
max
−
−
−
<
′++′
′
+
−′++′
′
i
NLRR
E
NLRR
E
rrSDR
rrSDR
ω
ωω
 (28) 
 
    To derive (28), the MSI injected voltage is neglected. 
Practically, due to the use of a current limiter, the MSI voltage 
decreases the maximum current. Hence, neglecting this 
voltage increases the reliability margin of the resistance 
selection. 
    The crowbar and SDR should remain in circuit for a short 
period of time after voltage recovery to prevent current 
overshoots. It should be noted that the MSI cannot control the 
speed and reactive power until active power is accessible from 
the GSI via the DC link, which depends upon the terminal 
voltage as well as the DC link capacitance. However, every 
time MSI control is ineffective, the SDR will limit the CW 
current peaks, in a similar way to the crowbar. Clearly, the 
main drawback of the SDR is steady state loss in the switches. 
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V. VERIFICATION 
A. Experimental validation of the model 
    An experimental set-up, shown in Fig. 8, was used to 
validate the simulation results. The delta-connected power 
winding of the BDFIG was connected to the grid through a 
variac and is supplied at rated voltage and frequency, i.e. 
240V  and 50 Hz in normal conditions. The variac was 
manually changed to emulate a symmetrical voltage drop and 
fault clearance. As can be seen in Fig. 9(a), the resulting 
voltage drop took about 300 ms , slower than a typical grid 
fault but on a similar scale. The control winding was also 
connected in delta and supplied by a unidirectional converter. 
    When the BDFIG’s operating speed was above the natural 
speed, the control winding was exporting power. In this case, 
the resistor bank was used to absorb this power. Additionally, 
a filter was connected between the converter output and the 
CW to eliminate components related to the converter’s 
switching frequency. Note that due to existence of the parallel 
resistor bank, even when the variac was changing, the DC-link 
voltage remained constant at about 300 V. In a real wind 
turbine, the DC-link voltage would fluctuate during faults and 
hence, a DC-link protective circuit, such as a chopper, is used 
to prevent over voltages. Hence, the parallel resistor bank can 
operate like an efficient protective circuit for the DC link by 
sinking the additional active power flowing from the CW.  
 
(a) 
BDFIG DC machineTorque 
transducer
 
(b) 
Fig. 8.  (a) The test set up, (b) The BDFIG connected to a DC motor 
     
    The prototype BDFIG was coupled to a DC machine 
supplied from a commercial DC drive (ABB DCS800). The 
DC machine operates at constant speed and the BDFIG was in 
power control mode in normal conditions. An incremental 
encoder with 10,000 pulses per revolution was used to 
measure the shaft rotational speed. The control algorithm was 
implemented in MATLAB/Simulink in an xPC Target Box, 
which received all the above signals and generated PWM 
signals for the converter. The sampling time of the control 
loop was 0.4 ms .  
    The coupled-circuit model implemented for the prototype 
BDFIG-D180 was simulated using MATLAB/Simulink. The 
simulated machine parameters are presented in the Appendix. 
It should be noted that the model neglected iron loss and 
saturation. It also assumes fundamental sine wave excitation in 
the control winding. All the control parameters were kept the 
same as in the experiments.  
The condition of a symmetrical voltage drop of about 50% 
in 300 ms  from 240V  was considered. The BDFIG was 
operating at 20 Nm and 600 rpm  before the fault occurred. The 
experimental and simulation results are illustrated in Fig. 9. As 
observed, the simulation results show a good similarity to the 
experimental ones. Therefore, it is observed that the coupled-
circuit model is an acceptable tool for evaluating the BDFIG 
dynamic performance. 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
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(e) 
 
(f) 
 
(g) 
Fig. 9. Measurement and simulation results for D180 BDFIG: (a) The terminal 
voltage, (b) CW current, (c) PW current, (d) PW active power, (e) PW 
reactive power, (f) Electromagnetic torque and (g) Rotor speed 
 
A. Ride-through assessment 
    In order to simulate the dynamic behavior of the machine 
during instantaneous voltage dips, the coupled-circuit model, 
which is more precise than dq  model, was used. Initially, the 
simulation was performed for a 70% three phase voltage dip. 
However, in order to consider the effect of wind turbine 
inertia, J was considered equal to 3 2kgm . The terminal 
voltage dip occurred at st 10= and continued for 1000 ms . 
The variation of phase 'a' current of the CW with 50 Nm  input 
torque and unity power factor at 600 rpm  due to 
aforementioned voltage dip is shown in Fig. 10(a), (b). 
    As expected, two frequencies HzfrfrN 101 ≈−  and 
HzrfrN 60≈ were observed in the initial instants after the 
voltage dip in Figs. 10(a) and (b), respectively. Furthermore, 
the second frequency component was damped with a time 
constant close to s15.0 , as observed in Fig. 10(a). The CW 
current peak was less than the maximum permissible for the 
switches (16A) and therefore the generator does not need to be 
disconnected from the grid at this voltage dip and rotor speed. 
The rotor speed variation is shown in Fig. 10(c). Due to the 
mismatch the between input mechanical and output electrical 
powers, the rotor speed increased about 52 rpm within 1 
second and, started to decrease immediately after voltage 
recovery. 
 
 
   (a) 
                                      
(b) 
 
      (c) 
Fig. 10. Simulation results for D180 BDFIG due to 0.7 pu voltage dip from 
st 10=  to st 11= at 600 rpm : (a) CW current, (b) CW current (zoomed in) and 
(c) Rotor speed  
 
    In order to obtain the region of feasibility for operation of 
the BDFIG-D180, the simulations were repeated with a 
voltage dip duration of 1000 ms  at st 10=  at various speeds 
and all with an input torque of 50 Nm and unity power factor. 
From these simulations, Fig. 11 is obtained for the maximum 
permissible CW current of 16 A . The area above the line 
(dotted) is the region of feasible operation, where 
instantaneous overshoot of the CW current remains under 
16 A  both during and after the voltage dip. The area below the 
line (solid) is the region of unfeasible operation, where the 
CW current exceeds the 16A limit. 
A. Ride-through enhancement 
    In general, the crowbar and SDR could be a set of series 
resistances with parallel switches. Thus, their effective 
resistance could be controlled in several steps in accordance 
with the voltage dip severity and pre-fault rotor speed. 
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However, in order to simplify the analysis, in this paper they 
have been considered as fixed resistances calculated for the 
worst case situation, i.e. 100% voltage dip and maximum rotor 
speed of 750 rpm , to guarantee safe operation of the converter 
switches in the case of any low voltage ride-through scenario. 
Hence, using (27) and (28), the crowbar and SDR resistances 
are obtained as 12.7 Ω  and 21.5 Ω , respectively. The peaks of 
the CW current with SDR and crowbar voltage due to 100% 
voltage dip are depicted in Fig. 12 and 13, respectively. From 
these results it can be concluded that by applying SDR and 
crowbar, the CW current and the voltage drop on the crowbar 
remain below their limits – 16 A and 274V , respectively – for 
any voltage dip level and any pre-fault rotor speed up to 
750 rpm . 
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Fig. 11. Region of feasible operation for the D180 BDFIG ride-through 
 
 
Fig. 12. CW current peak versus pre-fault rotor speed with 100% voltage dip 
 
    As an example, variations of the CW current, rotor speed, 
active and reactive powers in three cases of 85% voltage dip at 
600 rpm  from st 10= to st 11= with the use of either the 
crowbar or SDR and without them are illustrated in Fig. 14. 
The crowbar or SDR remained in circuit for a further 20 ms  
after voltage recovery to prevent high current peaks. 
 
 
Fig. 13. Crowbar voltage peak versus pre-fault rotor speed with 100% voltage 
dip 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Fig. 14. Simulation results for D180 BDFIG due to 85% voltage dip at 
600 rpm with the use of either SDR or crowbar: (a) CW phase current, (b) 
Rotor speed, (c) active power and (d) Reactive power 
 
    As observed, the use of SDR leads to better control of the 
active and reactive powers compared to the case where the 
crowbar is used. Using the crowbar leads to 60W export and 
150VAr  import during the voltage dip, whereas application of 
the SDR leads to both 540W  and 500VAr  export. 
Furthermore, significant difference between reactive power 
imports after voltage recovery clarifies further the advantage 
of the SDR. It should be noted that these results were obtained 
without modification during the voltage dips to the inverter 
controllers. Hence, the dynamic behavior of the SDR has the 
potential to be improved further 
     Fig. 15 shows the voltage drop across the crowbar and it 
can be observed that voltage remained below the acceptable 
limit (274V ). 
Copyright (c) 2011 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.
 9
  
 
Fig. 15. Crowbar phase voltage variations due to 85% voltage dip at 600 rpm  
VI. CONCLUSION 
    The structure and synchronous operation of BDFIG are 
introduced briefly in this paper. Variation of linkage fluxes 
and back electromotive forces are investigated analytically 
using the machine dq  model in the 1p pole pair 
synchronously rotating reference frame. The equivalent 
dynamic circuit of the CW is then obtained. The analysis 
shows that during or after a voltage dip, the EMF induced in 
the CW can be greater than its pre-fault value and 
consequently, high transient CW currents may appear. 
    Two approaches are suggested to overcome this problem; 
the use of crowbar, as has traditionally been the case with 
DFIG, or the use of SDR. Simple relations to determine 
appropriate values for both are proposed. First, the validity of 
the model used for simulation is checked by comparing 
simulation with experimental results on a D180 BDFIG. Then, 
the proposed solutions are implemented in simulations and 
their efficacy is explored. The results show that both the 
crowbar and SDR solutions develop a region of feasible 
voltage dip operation for the BDFIG up to maximum rotor 
speed.  
    While the use of crowbar provides more CW current 
damping, it leads to higher reactive power import. On the 
other hand, the use of SDR results in better control on active 
and reactive powers, but its conductive loss reduces the steady 
state efficiency. 
 
Appendix 
 
TABLE I 
PROTOTYPE BDFIG SPECIFICATIONS 
Parameter Value Parameter Value 
frame size D180 1f  50 Hz  
1p  2 1L  0.3498 H  
2p  4 2L  0.3637 H  
rN  6 rL  0. 044521 mH  
stator slots 48 rL1  0.0031 H  
rotor slots 36 rL2  0.0022 H  
PW rated 
voltage 240V (at 50 Hz ) 1R  2.3 Ω  
CW rated 
voltage 240V (at 50 Hz ) 2R  4 Ω  
PW rated 
current 
8 A  rR  0.00012967 Ω  
CW rated 
current 8 A  J
 
0.53 2kgm  
rated torque 50 Nm  B
 
0.036 Nms  
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